Abbreviation Key: AFCR = feed conversion ratio adjusted for mortality; FCR = feed conversion ratio. The feed conversion ratios (grams of feed:grams of gain of live birds) in the birds fed copper were not significantly different from those fed the basal diet (P > 0.05) unless corrections were made for the weights of the dead birds; the adjusted feed conversion ratios (grams of feed:grams of gain of live birds + grams of gain of mortalities) for the copper-treated birds in Experiments 1 and 2 were 5.2 and 7.6% lower, respectively, than the ratios of birds fed the basal diets. Plasma copper levels increased in supplemented chicks by 35% in Experiment 1 and 24% in Experiment 2. Liver copper levels in both experiments were increased by 26% with copper supplementation. Mortality was not affected by dietary treatment in either experiment (P > 0.05).
INTRODUCTION
The broiler chick's nutritional requirement for copper is approximately 8 mg/kg (NRC 1994) . Copper is usually fed commercially at much higher pharmacological levels (100 to 300 mg/kg) because of its growthpromoting properties (Fisher et al., 1970; Fisher, 1973; Wang et al., 1987; Bakalli et al., 1995; Pesti and Bakalli, 1996) . Traditionally, the source of copper has been copper sulfate pentahydrate due to cost and commercial availability. In recent years, additional copper sources have become available and the potential for commercial use as feed additives has expanded. It cannot be assumed that copper from different sources are completely interchangeable. The bioavailability of copper from organic and inorganic sources has been shown to differ (Ledoux et al., 1991) , suggesting efficacy as a growth promotant may also differ. The purpose of these experiments was to test the ability of three commercially available copper sources to improve the growth performance of broiler chickens.
MATERIALS AND METHODS
In Experiment 1, 720 (Ross 208) chicks were purchased from a local hatchery. 4 The chicks were divided into 24 groups of 30 chicks each and placed in 1.2 m × 3.6 m pens on pine shavings. The pens were grouped in a randomized block design to account for any error introduced by location in the house. There were 6 blocks of 4 treatments each. The basal ration was formulated to meet minimum nutritional requirements for starting broilers (Table 1; NRC, 1994) Pen weights were taken on 1, 21, and 42 d to calculate rate of gain. Feed weight was recorded as added and residual feed was measured at 21 and 42 d to calculate feed conversion ratios. Mortality was recorded by pen number, date, and weight of carcass. After weights were taken at 42 d, two birds per pen were randomly selected to take blood and liver samples for plasma copper and liver copper analysis.
In Experiment 2, 720 male (Ross 208) chicks from the same source 4 were randomly divided into 24 groups of 30 chicks each and placed in pens on pine shavings. The basal diets were formulated to meet minimum nutritional requirements (Table 1; NRC, 1994) . This experiment had a randomized block design. The four treatments were: basal, basal plus 125 ppm copper as copper sulfate pentahydrate, basal plus 63 ppm copper as cupric citrate, and basal plus 125 ppm copper as copper oxychloride. The decision to reduce the level of copper from cupric citrate was based on experiments indicating that cupric citrate has growth-promoting effects at this level (Pesti and Bakalli, 1996) . The basal diets in this experiment included a starter ration (Table 1) The FCR are presented as recorded (FCR = weight of feed consumed per weight gain of survivors) and as adjusted for mortality (AFCR = weight of feed consumed)/(weight gain of survivors + weight gain of mortalities). The mortality adjustment was done because of a large number of birds that died in Experiment 2 (4.7% mortality on Days 46 and 47, and 12.8% mortality on Days 51 to 53) due to warm weather conditions. The FCR from Experiment 1 are also presented as AFCR. In Experiment 1, a 7% mortality rate occurred mostly due to a high incidence of slipped tendons. In both experiments birds with slipped tendons were culled when they could no longer stand to reach feed and water. Birds that were affected by slipped tendons but could still reach feed and water remained in the study.
Total plasma copper levels were determined by methods described by Anonymous (1982) using a Perkin Elmer atomic absorption spectrophotometer 5000. 6 The procedures and equipment were tested with Reference Standard 1577b. 7 All data was analyzed by one-way ANOVA using the General Linear Models (GLM) procedure of SAS ® (SAS Institute, 1985) . Blocks for location in the house had no significant effect, and were omitted from the statistical models. Significant treatment effects were separated by means using Duncan's new multiple range test (Steel and Torrie, 1980) .
RESULTS
Results from Experiment 1 are shown in Table 2 . The data from the 21-d weights (not shown) indicated no significant differences in body weight (P = 0.982) or FCR (P = 0.607) by treatment. All copper supplements improved total body weight gain over the basal diet at 42 d. Cupric citrate, at the same level of copper supplementation, produced significantly higher body weights than copper oxychloride or cupric sulfate pentahydrate. Cupric citrate was the only copper source that improved FCR at 42 d compared to the basal diet, but was not significantly better than the other two copper sources. A different conclusion could be drawn when the weight of mortalities was added to live bird weight to compute AFCR. The AFCR of the cupric citrate, cupric sulfate pentahydrate, and copper oxychloride fed broilers were found to be different from chicks fed the basal diet. Results from Experiment 2 are shown in Table 3 . As in Experiment 1 at 21 d, there were no significant differences in FCR (P = 0.370) or body weight gain (P = 0.97) at 18 d of age. Body weight gain at 35 and 56 d was increased by supplementing all three copper sources. However, cupric citrate at 63 mg copper/kg diet produced significantly higher body weights at 35 and 56 d than the other two copper sources fed at 125 mg copper/kg diet. Feed conversion at 35 d was improved by all three copper sources. Adjusting the 35-d FCR separated the chicks fed cupric citrate from chicks fed the other copper sources.
Initial calculation of the FCR from 0 to 56 d demonstrated no difference between any copper supplement and the basal diet. Adjusting the FCR for mortality (AFCR) decreased the standard error enough to distinguish the FCR of the copper-supplemented chicks from the chicks fed the basal diet.
Plasma and liver copper levels from Experiments 1 and 2 are presented in Table 4 . In Experiment 1, equal copper supplementation (125 mg copper/kg diet) from each source increased the plasma and liver copper levels to about the same degree. In Experiment 2, even with decreased copper from cupric citrate (63 vs 125 mg/kg), all copper sources increased plasma and liver copper concentrations to a similar degree.
DISCUSSION
Both studies confirm that copper sulfate pentahydrate, cupric citrate, and copper oxychloride are valid options for copper supplementation for growth promotion. Average body weights were increased for all forms of copper supplementation at 35 and 56 d of age (Experiment 2) and at 42 d of age (Experiment 1). In addition to improvements over the basal diet, the chicks fed cupric citrate also demonstrated improved weight gains over that of chicks fed copper oxychloride and cupric sulfate pentahydrate. The chicks consuming the diet containing cupric citrate outperformed chicks fed the other copper forms, even when supplemented at half the level of copper. This finding indicates an increased ability of cupric citrate to improve performance over other forms of copper supplementation. The plasma copper and liver copper levels of the birds fed cupric citrate were not different from those of birds fed the other sources at the same supplementation level or at half the level of the other sources (Table 4) . Adding more than the 63 ppm copper from cupric citrate did not result in any increase in plasma copper, suggesting that homeostatic mechanisms either decreased copper absorption, transport to, and storage in some other tissue, excretion, or some combination of these. In commercial operations, this improved utilization of copper from cupric citrate should allow for lower feeding levels of copper, thus reducing the risk of environmental contamination. Adjusting the FCR for mortality (AFCR) changed the apparent differences in performance due to copper sources. As would be expected, the higher mortalities seen as age and size of the birds increased caused the mortality adjustment to be more dramatic as the age of the birds increased (Experiment 2). Although the mortality was independent of treatment in both experiments, the mortality adjustment decreased the standard error enough to make differences more apparent. This effect is best seen in the FCR data for the 56-d-old birds in Experiment 2. The FCR (calculated as typical for the industry) demonstrated no significant difference between the control group and any of the copper-supplemented groups. The mortality adjustment improved all the ratios a similar amount (0.613 to 0.702; change in FCR for AFCR vs nonadjusted FCR); however, the standard errors were reduced by greater than 50%. The differences seen in the AFCR closely match the differences seen in body weight gain. In a commercial operation, it is not practical to adjust FCR for mortality. Therefore, the data in Experiments 1 and 2 suggest that under commercial conditions, average body weight gain is a better indicator of the effectiveness of copper supplementation than FCR (because calculation of AFCR is not routinely practiced in the industry).
Copper oxychloride is being used by several broiler producers without evidence in the published literature on its effectiveness as a copper source. The data presented here indicate that copper oxychloride is a viable copper source compared to the industry standard copper sulfate when growth is used as the response criterion; however, the growth responses to copper sulfate or copper oxychloride are not comparable to cupric citrate, as reported earlier (Pesti and Bakalli, 1996) .
